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Abstract: Polyhydroxyalkanoate depolymerase (PHAD) can be used for the degradation and
recovery of polyhydroxyalkanoate (PHA). In order to develop a PHAD with good stability under
high temperature, PHAD from Thermomonospora umbrina (TumPHAD) was heterelogously
expressed in Escherichia coli BL21(DE3). At the same time, a mutant A190C/V240C with
enhanced stability was obtained via rational design of disulfide bonds. Characterization of
enzymatic properties showed that the mutant A190C/V240C had an optimum temperature of
60 °C, which was 20 °C higher than that of the wild type. The half-life at 50 °C was 7 hours, at
50 °Cwhich was 21 times longer than that of the wild type. The mutant A190C/V240C was used
for the degradation of polyhydroxybutyrate (PHB), one of the typical PHA. At 50 °C, the
degradation rate of PHB being treated for 2 hours and 12 hours was 2.1 times and 3.8 times higher
than that of the wild type, respectively. The TumPHAD mutant A190C/V240C obtained in this
study shows tolerance to high temperature resistance, good thermal stability and strong PHB
degradation ability, which may facilitate the degradation and recovery of PHB.

Keywords: polyhydroxyalkanoate; polyhydroxyalkanoate depolymerase; thermal stability
modification; disulfide bond; polyhydroxybutyrate
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exfoliatus) K10 DSMZ!" | R4 7 (Sreptomyces
ascomycinicus)''"! | 4 % )l [ £+ (Pseudozyma
antarctica)'? . i 2 i (Aspergillus fumigatus)
Pdf1!! | {75 % @i (Penicillium simplicissimum)
LAR13M | 555 1 (Sreptomyces sp.) KJ-721"
TRZT 2 1 (Rhodospirillum rubrum)! O F1 75 25 4
(Paecilomyces sp.) 1407 Z: 5 ¥k v & I PHA f#
FE(PHA depolymerase, PHAD), Jf Hill%E T i
2EPERT, Hr KER BN eid A 3040 °C,
W/ DB G IR 50 °C, (HARAFFE = iR 3R
B M RE M Z B is, X R E HE A& 81
PHA i 5 i xE LA A2 v il PR T i 75 3K o

AWFFRIE T —Fh R B 50 R A T
(Thermomonospora umbrina) () PHA fif & i
(TumPHAD), 5% 7 H R8T, I 2
GEAR T | N A B v JH o U R AR e
HFN AR A190C/V240C, fieJm 1 Bh s S0 M
{4, 3% (high performance liquid chromatography,
HPLC)FI{d B A5 4 2T 4} 13 (fourier transform
infrared spectrometer, FTIR)Xf lifj[#f# PHB f E
THEATVRAY, e AR B — R S . FEARRE
SRAY PHA fif EBE 21K A190C/V240C,

AR

1.1 FEHMR
111  E#RERR
KW T 1 (Escherichia coli) IM109 1 E. coli

BL21(DE3) J&& 52 75 2l il y A< 5C 55 =5 5K -
pET-28a(+) BT b7 Ay A S 56 % IR K o
.12 FEKH

DNA 4 [ff 2xPhanta Max Master Mix 4
B at T MERE AR IR BRS R BRI N )
fiff QuickCut Dpn I, #f& FAESE 0 10xLoading
Buffer . DL10 000 DNA Marker . Premixed
Protein Marker (Low)ilJ H 544 TaKaRa A4 T.
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FEAT RS w5 2 P o R o e vl vk il N &
(sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, SDS-PAGE)i 5% . SDS-PAGE
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(EHR A R H]
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BRIl FAA SR A i B2 il A BRA
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B O LI B D v S R R PR A W 5
AR LT AT B e R A R ARk
WA EE U A AR IR A
1.2 EEZHE

H i 0 A T = IR T B PR S R PHA
fift REEECE R, hIF R BE SRR PHA 1)
Mg, M BRENDA %4 4 A i 1 i i B2 e
& pH #{E Y PHA ff R EFE A 51, DU K
EH{E NCBI %48/ BLASTp, it 5
P41 50%—80% AR HL H 19 7 5145 it 2 7]
FHNEAR T 80%F 41, AR IS B4 i i 12 34+
B E AT Y. i1 AlphaFold #EAT 45 iy #
L, i AutoDock L PHB F) = Z A Ay fic fAc ik
115y X4, ¥R A T. umbrina (¥4 7E PHA
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fift SR A B 5, HORBOE R FIRIE, 52k
Xof AT o TR AR BB 5
1.3 EHRNEE

Sfsk [ T. umbrina i) PHA fi# 28 il (NCBI %
5N WP 116026544, 1) 5 A FE 5 #3647 T 41 %)
E. coli h&iEmyHMFIA, Yofbfs L E Hon
I e IR A R A R Wl A

W B 0 DR o B E B % pET-28a(+)
ik b, MEIEAFRRIFEIEERSE E coli
IM109 Bz di i, 5 %A% 30 pg/mL
R R A b, 37 Cl i iGo%, PREURE
%, WFRIERIBUTR, ] Nco DX EFYI%:
WE, B 5 25 I 56 E 1E B 5 A5 ) 54 Ok
pET-28a(+)-Tu,
14 BHWEBRREAK

P E 4 LKA E. coli BL21(DE3)/
pET28a(+)-Tu, PRI 2 30 ng/mL RIAB%E:
LB BRI, 37 cCb B # . L 5% (IR
Oy BOEFRERN 30 pg/mL K R TB 555t
i, 37 °C. 200 r/min ¥53% 2 h, MMAZIKE N
0.2 mmol/L ¥ 5 N F -B-- i AL 2 2L b 1
(isopropyl-B-D-thiogalactoside, IPTG) i#5 & ,
30 °C. 200 r/min kL4855 24 h, BJSICHE K& B2
W, 4°C. 8000 r/min Z.[> 10 min, 7 ¥, IR
LW, A Tris-HCl 28 % (20 mmol/L, pH
8.0)E &, f£4°C. 85 MPa JE I &M T E LS
WY RE 5 min, 4 °C. 8 000 r/min &5.0> 10 min I
£ B BRI, IF 0 Ni-NTA X B 1T
afift. ﬁm%%%@%w%&%%%%%%%
aifb e, 5 30, 60, 150 mmol/L B Mk
#ﬁﬁf%% i SDS-PAGE Xt A [ v i
Sl AT A i AR ST He sl VR e B, (e
JEAE (10 kDa) X 4fi filf F 17 e 45 6 7 LA B 25 Horp
WK 2 1 (52, I it SDS-PAGE BeiiE4f
AR 40
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1.5 BEEENERZENEL

JEPIBCH . ARBUE R pNPB, LI %
fif, WC 1 B S 50 mmol/L ) pNPB A7 -

fE 0.5 cm LI, A 1.44 mL FiA )
GZohE, TN 30 uL BEWEA 30 pL B e s
Yy, #E5 eSS T, R S s
DB — O, WA 1 min.

MG e — KM, B d ik
PNPB /K fi#4: i 1 pmol pNP T 2 i il — A4~
Jifyd 1 AL (U)

FifF 1% 77 (U/mL) TV, X1000
A K. O ﬁMwamAﬁﬁﬁ
B T 2R B R Ve ROWVRF(mL); Vi

Jn g & (mL); N: F B A5 %0; a=0.005 8,
b=0.009 7 (1 pNP FrifE i Zk45 ).
1.6 HiERERAREMMNE

i HR TS 00 2 ik o et i R B, 430l
1£30°C, 35°C, 40°C, 45°C, 50°C, 55°C,
60 °C. 65 °C. 70 °C Il & 24ifbHFE 50 mmol/L
[ Tris-HCI (pH 8.0)Z% th il I g, Ak &
3 UCFAT, WIS LA B B R s

PASE VR E Ik, R id Y By 4l
BB 50 CAMEERThIEE , 0 — B [E)
HUREIE 0 AR AR S, iR E 3 OFT.
it 178 LGS BT (T8 208
1.7 &i& pH & pH B2 E MM E

el pH A 2 T 75 A FR [A] pH i 9 2% i
W (pH 6.0-8.0 K 50 mmol/L Hy#ERREEZE v
W, pH 8.0-8.5 % 50 mmol/L /Y Tris-HCL £& if
W, pH 8.5-10.0 % 50 mmol/L i H % fz-NaOH
Gz WP )X Al Ak T R A T IS R R, AR BRI
EJTEE, MEHAE 40 °CE&MF MG, 4
BEE 3 UWOHAT, BTG DUA X B AT s

pH FaE PRI AE Ty, AN IH] pH 22
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YRR B AL EE B T 4 cCI B IRAE 24 h,
i Ffcid pH 28 Ml I BES , RRdliE 3 WoF
17, S DA S i X R .
1.8 RMSF 7 R HARRE MBS

X TumPHAD #1450, 3+
Bl 12 TumPHAD 935 5 #R 8 3J) (root
mean square deviation, RMSF), #%{4/& 5k
MRARHZ B B R, 76 B R B AR
BRI A3 VS I R LA 84 2 1 A R E A

i3 Disulfide by Design 2 T — it 4 31 4%
4 RMSF 7Bk e 6 X —mis, #itse48514)
(# 1), UL pET-28a(+)-Tu E4 Fiki ik, LA
R VPR BT PCRY 1Y, AR
2xPhanta Max Master Mix 12.5 uL, ##z 1 pL,
WS048 1 ul, ddH,0 9.5 pL, P sk

K. 95 °CHIZZEYE 5 min; 95 °CAEME: 30 s,
60 °CiR‘k 20's, 72 °CHEf# 6 min, FLHEER 30 IK;
72 °CHEAH 10 min, 75Ef# PCR ~#y{#i ] Dpn 1
AL RS 54 A E. coli IM109 JE&32 A5 40
H, BigRor A 130 $RBCL A Bk, T IE
WG A3 BN SR AR R . DAL SR AR JORE AR
FZE 1 x5 1R ES T PCR 971G, kIR
b, B AR AR Bk pET-28a(+)-A190C/
V240C . pET-28a(+)-E188C/ V240C. pET-28a(+)-
E42C/D110C . pET-28a(+)-G228C/G253C .
PET-28a(+)-A37C/P104C Fl pET-28a(+)-T28C/A93C,
& A E. coli BL21(DE3)# & 5 4] & 1k # #k .
1.9 PE#E PHB s HRVIEN 574

PHA f R W T LIKfE PHB K 3-%E T
fi%(3-HB), i#xd FTIR, HPLC Il PHB ()i #E

*®1 KLt

Table 1 Mutation primer design
Name of mutants Primer name Primer sequence (5'—3") Size (bp)
E188C/V240C E188C-F TGTATGCGTGTCTGGCGGG 19
E188C-R CCCGCCAGACACGCATACA 19
V240C-F CGGCGTGGTGTAACGTGAA 19
V240C-R TTTCACGTTACACCACGCCG 20
A190C/V240C A190C-F GCGGAACTGTGTGGCGCGG 19
A190C-R CGCGCCACACAGTTCCGCAT 20
V240C-F CGGCGTGGTGTAACGTGAA 19
V240C-R TTTCACGTTACACCACGCCG 20
E42C/D110C E42C-F CCCGCTGTGTCATCCGGTG 19
E42C-R GACCGGATGACACAGCGGG 19
D110C-F GCAAAGTGTGTCTGGAACG 19
DI110C-R CGTTCCAGACACACTTTGC 19
G228C/G253C G228C-F GTGTTTTTTTGTAGCGGCTG 20
G228C-R CAGCCGCTACAAAAAAACAC 19
G253C-F GGTGAGCTGTCCGCTCGAC 19
G253C-R TTCGAGCGGACAGCTCACC 19
A37C/P104C A37C-F GGATCTGTGTAGCAGCCCG 19
A37C-R GGGCTGCTACACAGATCCGC 20
P104C-F GCGGCAGCTGTTTTCATGG 19
P104C-R CCATGAAAACAGCTGCCGCT 20
T28C/A93C T28C-F AAGGCAGCTGTACCCTGTT 19
T28C-R AACAGGGTACAGCTGCCTTC 20
A93C-F GGCATTGATTGTCTGGCGCG 20
A93C-R CGCGCCAGACAATCAATGCC 20

Codons used for mutation were indicated in bold.
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5% 3-HB M)A i PEAN #7480 TumPHAD 2 H:
RASAXT PHB WIFEfRRE ST . 11 15 mL AHEHR
(4.0 g/L, pH 8.0)4 /il A 30.0 mg PHB, 50 °C,
170 r/min 21 12 h, BEFE 2 h BORE, JATR] RS
pH iy 8.0, &HE 3 V17w, HikE =[xt
B RN 12 h 5, BRI RNAARRHAIA 15 mL
PR, AERE 2 h BORERGIN, 143 3-HB 194 il i
I BRI It VT I e Ao 232 ) A8 A 1 O o
1.9.1 FTIR JZE PHB BE#EIENR

PHB 7E 8K 5 B R & & ARy, it
FTIR X} H W A5 PHB ‘B e 192846 P-4y PHB
HIRRARFERE . BN 6 h BORESAAE 12 000 r/min 5%
AR B 5 min, PRETINE, A ddH0 2k
WHUEE, g, A FTIR A, A 2%
fF: 78 ATR T, /¥R K Lem ™', L
il 4 000650 cm ™',
1.9.2 HPLC MZE 3-HB £k £

Wl HPLC E & E 3-HB A4 Bl R
04T PHB BYFEMER . SOBAR 12 000 r/min
B0 5 min, BCEWE, A 1 mol/L fil21H %= pH
2.0, BE.OBEEFMEH 022 pm KAHBEE IS T
wuk, BJE 6 HPLC MEAT40 07 A 451

Aminex HPX-87H Column (300 mmx7.8 mm),
ENAER 5 mmol/L fifiR, 2EAMEINEK: 210 nm,
YEFER 20 uL, % 0.6 mL/min, FEJR 20 °C,

B i A ] 94 B2 7 3-HB bR, i HPLC
G 3B, 2 ol e B - i ARUBR o it R T
B 3-HB HA .

2 BRS04

2.1 EREAEZREFIERFELSRNIE

M BRENDA %2t ki T S venezuelae
(NCBI #5358 AFQ93689.1)F1%¢ Y fl . it B
(Pseudomonas fluorescens, NCBI % % 5 K
AAA64538.1)1 2 Fetmidi it B FIE pH A
FEATH, diik SEEDTHIFHEIE 50%-80%
HF 5 Z A PEE T 80%AY 103 25 H W ¥
G FELS R P BEFEREHORIE A T. umbrina 25
JP AN HEA T A5 R RERLR Ay T X%, R As & 1
e FEARR, HMERKWE 1A), AFF
RAFIRI A, W TR BTN 5T

2t Nco LHREfY)J5 AL R, pET-28a(+)-Tu
K/ANK 6 036 bp, K/NFFETU, HI P56 UE
Ef, K15 T pET-28a(+)-TuE 4 JFki(Kl 1B).

1 TumPHAD B9 FXTIEMEFEEE  A: TumPHAD R LA A4 T %42, B: TumPHAD 1

FEEFY)EGE. M: Marker; 1: Nco IEFH) BikL

Figure 1

Molecular docking and gene cloning of TumPHAD. A: Surface potential and molecular docking of

TumPHAD. B: Gene digestion validation of TumPHAD. M: Marker; 1: Single enzyme digestion of plasmid by Nco 1.

http://journals.im.ac.cn/cjben
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2.2 TumPHAD FRiAF4E1L

Xf TumPHAD #5E K F 50 o Mr vl 51, Hodw
M) E A BE > T 27.6 kDa, XPHIEEJETT
afifl,, U 150 mmol/L Y UEMEB AT I 4 .
& 2 20 % 1 TumPHAD /9 SDS-PAGE 43 #7
i b Z SR AT B R — 1 AT,
FRAR/NGHHSE RAMAF, HAAW 3R — o
W, UL C RIS A R ACS ) TumPHAD, L
%4 15.1 U/mg.
2.3 TumPHAD E§ 14 BN E

FE Tl A= 77 el A %o g LA AR A A
S0, X TumPHAD BB~ PE AT 4007, 45
RAE 3 fiR . W54 R %Y TumPHAD (¥
IR N 40 °C, 1E 35-45 °CHE PN b AH X il

A
100
S sof
a\
Z 60
3
o
2 40r
=
&
20
0 1 1 1 1 1 1 1
30 35 40 45 50 55 60
Temperature (°C)
C
100 -
S sof /§
Pt
Z 60t
2
L
Z 40F
ﬁ —m— Phosphate buffer
20 —®— Tris-HClI buffer
—&—Glycine-NaOH buffer
1 1 1 | 1

(} 1
6.0 6.5 7.0 7.5 8.0 85 9.0 9.5 10.0
pH

3 TumPHAD HIES= 14 R

kba M 1 2
07.2 — e --_-
66.4 — w— B
.
443 — . =
F—
29.0 — - U e 776kDa

20.1 — -

14,4 — — c—

2 TumPHAD BIFRIAS54i{k M. Marker;
1: TumPHAD #i/i; 2: TumPHAD #[ifii}
Figure 2 Expression and purification of TumPHAD.

M: Marker; 1: Crude TumPHAD; 2: Purified
TumPHAD.
B

100
& 80
g
Z 60
3
(]
Z 40
s
L5
= 20

0 1 1 1 1 -I 1

10 20 30 40 50 60
Time (min)

D

B e A
S 80t
>
Z 60
3
2 a0}
QT:; —m— Phosphate buffer

20 F —@— Tris-HCI buffer

—a&— Glycine-NaOH buffer

0 1 1 1
6.0 6.5 7.0 7.5 80 85 9.0 9.5 10.0
pH

A: FIETRE. B: 50 °CHIFAENE. C: fivili pH. D: 24 h i) pH fa &1

Figure 3 Enzymatic properties of TumPHAD. A: Optimum temperature. B: Stability at 50 °C. C: Optimum

pH. D: The 24-hour pH stability.
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TERER 2] 70%LA L (I 3A); £ 50 °CHAFT
HRE IR 20 min, #ERE ME#C 2 (] 3B);
Ixid&i pH o4 8.5, 1E pH 8.5-9.5 Ju [ PN i 6
KF] 70%L) (K 3C); 7E pH 6.0-10.0 JEE P
) 24 h 1Y pH FEE AR, BEIEATE 90% L) F
(B 3D), LiRZE R EH] TumPHAD 1) s i
1R 40 °C, HAE 50 °CH&AET BRI,
20 min A4, IXIEHE IR AN B SEPR N A K
DRI S 2 % 87 2 ) TumPHAD #EA7 T #4088
MO, DA R Al I R AR A
2.4 TumPHAD A RMSF 2 R RIS
Wit

RERGE M TumPHAD $AE8E 1 A DX,
X AT 503 Ty 24 B RMSF, 255440
K 4 fis, 45N 24-30, 34-44, 101-113,
226-243 Ao g 30 N I 2 BER AR AL L PR K,
KL 4% Disulfide by Design 2 il , 2% B GE % 1F
DX 35 PN AL s R DX B A A a5 =2 ) TR B
) 28 A8 (K20 4 . T28C/A93C . A37C/P104C .
E42C/D110C., E188C/V240C. A190C/V240C i
G228C/G253C.,
2.5 TumPHAD BRI IRMIE M
F2ZE MM RE

MAER 1 51 EHRREA T28C. A37C,

RMSF (A)

| 1 | 1 1
0 50 100 150 200 250
Residues

4 TumPHAD B RMSF &5 R
Figure 4 RMSF analysis of TumPHAD.
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E42C. V240C % G228C, MIFMING, 25l hn
A93C. P104C. D110C. E188C. A190C., G253C
(V240C 7 2 FdlG) 3R 5845 /& T28C/A93C .
A37C/P104C . E42C/D110C . E188C/V240C .
A190C/V240C F1 G228C/G253C . il ¢ i Lh
J7, 7EE. coli BL21(DE3)Hh# ik, 7E 50 °C4/F
T R AR (] S), A5 R P E188C/
V240C 1J2F 5 Wk 8 min 2547, E42C/D110C 1Y
W 17 min 24 . G228C/G253C W%
Wih 10 min ZE47, A37C/P104C fEEH N
13 min 2247, E42C/D110C fIEFER K 17 min /2
i, PR TP A EE . A190C/V240C 7E 40 min
AR F R
2.6 ZRIT{K A190C/V240C B M RN E
FHEARK A190C/V240C HEfTFR A4,
FORH B 2 a8 Ak R 58P AR TumPHAD
— (K 6), RAFK A190C/V240C I LTE N
15.3 U/mg, HEpAREGE . WA E HE
PERR, S55RE 7R, HaE g N 60 °C, 1E
4- A190C/V240C - TumPHAD < T28C/A93C
-@- E42C/D110C »— A37C/P104C -4 G228C/G253C

¥ E188C/V240C
100 f—

80
60

40

Relative activity (%)

20

Time (min)

El5 TumPHAD R HZREEK 50 cCHITRE M
Figure 5 Stability of TumPHAD and its mutants at
50 °C.
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kDa M 1 2 3 4

97.2 —
66.4 —

443 —

29.0 — = & S —27.6kDa

20.1 —
14.4 —

Bl 6 TumPHAD FIRZE{F A190C/V240C HIFRIX
fAgh{k  M: Marker; 1: 1.0 mg/mL TumPHAD
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Figure 6 Expression and purification of TumPHAD
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3: 1.0 mg/mL purified TumPHAD; 4: 1.0 mg/mL
purified A190C/V240C.
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Figure 7 Enzymatic properties of mutant A190C/V240C. A: Optimum temperature. B: Stability at 50 °C. C:
Optimum pH. D: The 24-hour pH stability.
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Figure 8 The structure of A190C/V240C and the comparison of structures before and after mutation. A: The
purple part is the catalytic triplet; The blue part is the mutation site; The yellow part is the newly formed

disulfide bond. B: The structure of the wild type is shown in blue, where the yellow part is the catalytic
triplet; The structure of the mutant is shown in green, where the purple part is the catalytic triplet.
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Figure 9 Functional group changes of PHB before and after degradation. A: PHB functional groups before

degradation. B: PHB functional groups after degradation by TumPHAD. C: PHB functional groups after
degradation by mutant A190C/V240C.
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Figure 10 Production of 3-HB and degradation rate of PHB. A: Production of 3-HB during TumPHAD
degradation. B: Production of 3-HB during A190C/V240C degradation. C: The degradation rate of PHB.
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